Purpose/Objective(s)-To calculate planning target volume (PTV) margins for chest wall and regional nodal targets using daily orthogonal kV imaging, and to study residual setup error after kV alignment using volumetric cone-beam computed tomography (CBCT).
Introduction
Post-mastectomy radiation therapy has been shown to improve disease-free and overall survival in breast cancer patients (1) (2) (3) . Emerging data regarding the application of inverseplanned intensity modulated radiotherapy (IMRT) for treatment of breast and chest wall targets, including the regional nodal chain, demonstrates dosimetric advantages in certain clinical scenarios. For example, IMRT (4) and volumetric modulated arc therapy (5) can significantly reduce high doses (i.e., > 30Gy) to the heart and ipsilateral lung when the internal mammary chain is targeted for treatment. IMRT treatments have a steep decline in dose outside the target volume, thus requiring stringent controls to ensure planning target volume (PTV) coverage is maintained and dose limits to organs-at-risk are not exceeded. A challenge to delivering effective treatment is daily setup reproducibility, which contributes to definition of the appropriate treatment target margins.
Image guidance is often used to detect large setup errors and improve the accuracy of radiotherapy delivery (6) . These techniques could also be used to calculate more appropriate target volume margins for decreasing dosimetric impact on nearby organs. While image guidance has been used to quantify setup reproducibility of the lumpectomy cavity for accelerated partial breast irradiation (APBI) (7) (8) (9) , few studies have quantified daily setup uncertainties for the entire breast and regional nodal targets. The majority have focused on the effects of respiratory motion in patients with an intact breast (10, 11) . While planning studies utilized a 7mm margin for IMRT to breast targets (4, 12) , no population study of setup reproducibility for post-mastectomy chest wall irradiation has been performed to our knowledge.
Our goals are: 1) to calculate an appropriate PTV margin for chest wall and nodal targets using orthogonal kV image data, and 2) to study residual setup error after daily kV alignment using volumetric cone-beam computed tomography (CBCT) data. This study utilized daily online kV imaging to investigate setup reproducibility in an initial series of patients treated with inverse-planned IMRT to the chest wall and regional lymph nodes. Post-mastectomy chest wall targets are expected to be minimally affected by soft tissue deformation, thus both bony anatomical landmarks and surgical clips were used as target surrogates for adjustment of patient position. In contrast to orthogonal x-ray imaging, which only provides a two-dimensional (2D) representation of the treated volume, we also track three-dimensional (3D) deviation of targets via volumetric CBCT imaging. The residual errors quantified by CBCT acquired at the treatment position were used to characterize the overall three-dimensional setup reproducibility. We report on setup uncertainties and appropriate PTV margins for post-mastectomy chest wall IMRT in a variety of patient alignment workflows depending upon the frequency of image guidance.
Methods and Materials
From October 2009 through May 2013, 21 post-mastectomy patients were treated with inverse-planned intensity-modulated radiation therapy (IMRT) to deliver a median dose of 50.4Gy in 28 fractions. 16 patients also received a median boost dose of 10Gy in 5 fractions delivered with 3D conformal radiotherapy (3DCRT) or IMRT. Clinical indications for IMRT included treatment of recurrent chest wall disease, treatment of bilateral internal mammary nodes (IMN) following detection of PET-positive or pathologically confirmed disease, inflammatory breast cancer, or improved sparing of critical organs for left-sided chest wall irradiation based on comparison to 3DCRT. The targeted chest wall, IMN, supraclavicular, and level I-III axillary nodes comprised the clinical target volume (CTV) and were contoured according to the RTOG Breast Cancer Atlas. To account for setup uncertainty and respiratory motion, the planning target volume (PTV) was generated by expanding the CTV uniformly by 7mm to within 5mm of the skin while avoiding the interior of the esophagus. In general, IMRT plans were generated using at least 9 beams separated by 20-30° spanning 185°, in addition to 1-2 non-coplanar beam orientations (4) . Treatment planning goals included covering the PTV with at least 95% of the prescription dose while minimizing 20Gy, 30Gy, and mean doses to the heart and lungs when compared to conventional 3D plans, which were generated for each patient. Dose calculations were performed in Pinnacle v8.0-9.0 (Philips Systems, Andover, MA) using the convolution/ superposition algorithm to correct for tissue heterogeneities. Patients were treated with 6 MV photons on a Varian Trilogy linear accelerator (Varian Medical Systems, Palo Alto, CA) with an OBI console.
All patients were immobilized with custom upper and lower alpha-cradles. For 4 patients, these devices were additionally secured to a C-Qual breast board (CIVCO Medical Solutions, Orange City, IA). Respiratory motion was assessed in 15 patients by acquiring both free-breathing and end-exhalation gated computed tomography (CT) scans using RPM (Varian Systems) at the time of simulation on a Brilliance BigBore scanner (Philips Healthcare, Andover, MA). Comparison of end-exhalation to free-breathing CT scans (FBCT) indicated minimal displacement (< 3mm) of the chest wall targets due to breathing. Thus, FBCT was used for all patients. Figure 1 shows the treatment workflow. For daily treatments, patients were initially aligned to skin marks then filmed. If the first set of orthogonal kV images indicated rotations were present (estimated to be > 2° from surface imaging data taken at our institution for an independent breast cancer patient cohort (13)), patients were repositioned manually and another orthogonal kV pair was acquired. 2D/2D matching of bony anatomy and clips (as shown in Figure 2a ), when present, was used for online correction of translations. CBCT was acquired weekly for 8 patients in the treatment position but not used for alignment. All patients provided written consent according to institutional review board guidelines (15837A).
Translational shifts in three axes (AP: anterior-posterior, LR: left-right, and SI: superiorinferior) following kV positioning were analyzed for 613 treatment fractions. The total setup error, defined as the sum of setup error and target motion, was calculated from the mean of the average shifts in each axis. PTV margins for each dimension were calculated using the van Herk recipe (14): 2.5(Σ) + 0.7(σ), where Σ and σ are standard deviations for systematic and random errors, respectively. These parameters ensure the delivery of at least 95% of the prescribed dose to the CTV for 90% of patients whose patient treatment positions are not corrected via image guidance. Although only shifts subsequent to correction for rotations were included, according to van Herk's methodology (14) , the proportion of fractions requiring rotational correction was tracked.
To analyze residual setup error following image-guided radiotherapy (IGRT), CBCT images were aligned offline to the FBCT. Manual rigid registration was implemented in Pinnacle with priority given to accurate registration of the sternum and ribs to achieve a position that would provide the most accurate dose deliverability. Surgical clips were then manually contoured and matched to their counterparts in the FBCT. Surgical clips that were visually indistinguishable from one another due to physical proximity and/or overlap were consolidated and contoured as one. The coordinates for the center of mass of each surgical clip volume were collected in three axes and used as an independent translational shift for that patient in the PTV margin analysis. A total of 34 CBCT scans were analyzed with a median of 5 per patient. PTV margins were calculated to simulate three alignment workflows: 1) skin marks alone, 2) weekly kV imaging, and 3) daily kV imaging. Most studies simulate the use of skin marks by analyzing either 2D or 3D images (7) (8) (9) . In contrast, we compare daily setup errors calculated from 2D images to those calculated by combining 2D and 3D data. Mean setup errors were added linearly while standard deviations were added in quadrature (15) prior to calculating systematic and random errors. The rationale for combining 2D and 3D errors stems from previous studies illustrating that 2D data can underestimate bony anatomy setup errors when compared to CBCT (16) . Thus, if online kV guidance correctly aligns the patient, each clip would be expected to match in the CBCT taken following kV imaging. If residual errors are detected by CBCT, this would indicate that the kV correction was not ideal. To simulate weekly kV imaging, setup errors for every fifth fraction were eliminated from the analysis. Finally, margins calculated from CBCT alone indicate the accuracy of daily kV imaging since they highlight residual errors that remain following daily kV imaging.
Margin calculations yield a single number in each axis, so it is not possible to compare margins directly between those generated from 2D data versus 2D/3D data. Instead, the individual data used to generate the PTV margin was compared. This method is justified because PTV margins are calculated by a linear combination of systematic and random errors. Systematic errors, which are calculated from the standard deviation of the group means, were compared using the F-test (p<0.05) which analyzes standard deviations. Random errors were compared using a two-tailed paired t-test (p<0.05).
Results

Patient Characteristics
Patient characteristics are shown in Table 1 . Of 21 patients, 17 had a median of 21 surgical clips. In 5 of the 17 patients, a median of 8 clips was localized to the axilla only whereas the remaining 12 patients had clips throughout the chest wall and axilla. 
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Daily inter-fractional setup error (kV analysis)
A total of 613 orthogonal kV image pairs, as shown in Figure 2a , were acquired. Figure 3 shows a histogram distribution of all resulting translational shifts. Table 2 displays the means of absolute shifts and total setup errors, and standard deviations of systematic and random errors computed from 2D kV images. By definition, the calculation of the total setup error combined the positive and negative shifts, resulting in smaller total errors than absolute shifts. According to van Herk's methodology, the values indicate that a 7mm uniform margin would account for more than 95% of daily shifts without the use of IGRT during treatment setup (i.e., setup to skin marks alone). In fact, the data in Table 2 indicate that the AP margin could be reduced to 4mm.
When patients without surgical clips (n = 4) were excluded from the analysis, the calculated PTV margins remained comparable to those of Table 2 to within 0.5mm. For the 12 patients with clips in the chest wall/axilla, the PTV margins were likewise comparable to within 1mm. This population-averaged data indicates that utilizing an anisotropic margin (4mm in AP and 7mm in LR/SI) may be considered for all patients regardless of the location of these clips. This anisotropic margin may potentially be applied to patients without surgical clips once a larger patient cohort is analyzed.
Rotational adjustments of patients were required in 32% ± 17% of treatment sessions. Fractions requiring rotation increased towards the second half of the treatment course, and could potentially be linked to observed patient pain and discomfort from radiation therapy. These rotational errors would not have been detected if patients were aligned to skin marks alone.
Residual setup error (CBCT analysis)
A total of 964 surgical clip markers were manually contoured from 34 CBCT scans taken during 3-5 treatments (median = 5) from 8 patients; patients had a median of 28 surgical clips (range: 18-37). The total setup errors differed from those calculated from orthogonal kV images, which can only identify an average matched position (i.e., individual clips are not necessarily all matched). The 3D data (see Table 3 ) indicate that despite daily use of kV for positioning, residual errors in clip localization warrant continued use of an anisotropic margin (5.9mm AP, 3.9mm LR, 7.9mm SI). 
Total setup error (kV/CBCT analysis
The systematic and random errors from CBCT measurements were combined in quadrature with kV x-ray data from the same 8 patients during the same treatment course to yield total errors from both 2D and 3D imaging data. The combined random errors for all three axes were significantly different from those derived from kV x-ray data alone (p<0.05). The combined systematic errors were statistically different only for the AP dimension. Table 3 compares the derived PTV margins for the simulated alignment workflows and lists the data sets (2D and/or 3D) used in the calculations. Combining 2D and 3D data resulted in larger PTV margins (by 3.3mm AP, 1.4mm LR, 1.9mm SI) than those calculated from 2D data alone. If patients were positioned to skin marks alone, a margin of 7-9mm would be required to account for 3D setup errors. The data also indicate use of weekly or daily kV imaging to correct patient positioning would result in similar PTV margins within 0.1-0.3mm. If the 3D data alone are used for analysis, the PTV margins remain large (4-8mm). These 3D data demonstrate that the largest errors exist in the SI direction, requiring a PTV margin of 8mm, even after positioning with daily kV imaging.
Discussion
Studies of APBI, delivered with 3DCRT, have demonstrated daily variability in setup to skin marks ranging between 7-12mm (8, 17, 18) . Similar results have been reported for treatment of intact breast cancer patients (16, 19) . Two APBI studies used kV and CBCT imaging in a workflow similar to ours (8, 9) . kV was first used for online alignment of the surgical cavity then CBCT was used to quantify residual errors allowing margin calculations for daily kV imaging. In order to simulate a workflow that forgoes daily IGRT, we combined kV and CBCT data to determine the offset of each surgical clip from the alignment to skin marks resulting in margins of 7-9mm. While chest wall targets are generally expected to be less mobile, there is a relative lack of published guidelines quantifying setup errors. Jain et al. studied intact breast treatments utilizing CBCT data to quantify 3D residual errors following alignment to daily MV imaging (19) . Using van Herk's equation to sum their reported systematic and random errors yields margins of 9mm AP, 17mm LR, and 8mm SI. In our population, margins calculated from 3D data following daily kV alignment are smaller in 2 axes (6mm AP, 4mm LR, and 8mm SI), which could be attributed to less soft tissue deformation of chest wall targets. However, other contributing factors include the higher contrast of kV imaging and differences in patient immobilization. By studying individual clip alignment we can estimate 3D errors for chest wall and regional nodal targets independently. To our knowledge, no study has explicitly reported on required margins for inverse-planned IMRT including regional nodal targets for a variety of IGRT workflows.
Our data demonstrate that while weekly and daily kV imaging would require similar PTV margins, patient rotations would remain uncorrected in approximately one-third of treatment fractions by forgoing daily kV imaging. Because van Herk's methodology only utilizes translational shifts, the calculated PTV margins are considered to be the minimum threshold necessary to ensure accurate dose delivery (14) . Thus, IGRT would still be necessary for each treatment fraction in order to detect these rotational errors. In a large target such as the chest wall, small rotational inaccuracies could result in translational inaccuracies (20) , as shown in Figure 3b , on the order of the PTV margin. For larger patients, daily imaging may be particularly important to reduce positioning errors, as there was a strong correlation (Pearson's correlation coefficient r = 0.71) between the magnitude of daily shifts and body mass index in the 12 patients with clips in the chest wall and axilla.
kV data yielded smaller overall error than the combined kV/CBCT data, likely a result of the different intrinsic properties of the imaging modalities. The NKI group previously compared two-dimensional electronic portal image devices (EPID) and CBCT-driven patient positioning and concluded that CBCT quantifies setup error more accurately, particularly in the SI axis (16) . Our results are consistent with these findings in that combining 3D data with 2D reports larger errors and contributes to larger PTV margins, particularly in the SI direction. Due to the fact that systematic errors were not significantly different for all 3 axes for 2D/3D data compared to 2D data alone, we could rule out the possibility of patient movement or bony landmark mis-alignment between acquisition of kV and CBCT images. Furthermore, CBCT data provide increased sensitivity for small out-of-plane rotations (see Figure 3b ) and deformation errors near the humeral head, which are factored into the overall calculations when individual clips are tracked. When the CBCT analysis was repeated for the subset of clips (n=427) in the supraclavicular and axillary nodal targets, the calculated PTV margins were 7.1mm AP, 4.3mm LR, 8.9mm SI. Although the systematic and random errors were not significantly different from those used to calculate margins for clips in the chest wall using CBCT data, the resulting PTV margins were consistently larger by 0.4-1.2mm in all axes. These data imply that arm positioning may more difficult than alignment of the chest wall, which has been reported by others (17) . This distinction between nodal target and chest wall positioning would not be possible without 3D data, which allows for translational shifts to be calculated on the basis of individual clips rather than the entire image.
By combining systematic and random errors calculated from kV and CBCT data, we captured information about the true target 3D position. The shifts in each axis were added linearly and random errors added in quadrature based on the lack of covariance between the two data sets (15) . The combined total setup error yielded PTV expansions of 7mm in the AP axis, 9mm in the LR axis, and 9mm in the SI axis. These margins would adequately cover the target volume and account for setup errors in the absence of IGRT. Currently, a uniform 7mm expansion of the CTV is used for treatment planning of chest wall targets (4). Even with daily kV imaging, a uniform 7mm margin would be insufficient in the SI direction, which requires an 8mm margin.
Increases in PTV margins based on the van Herk formula using this data would ensure greater coverage of chest wall targets, but would also increase radiation to nearby organs-atrisk. These results indicate a need for improvement in setup technique and technology, as the inter-fraction deviations in positioning have an impact on total IMRT dose to the chest wall target. This potential clinical consequence suggests a need for daily IGRT. While it may never be possible to set up a patient with absolute reproducibility, improvements in immobilization devices or online three-dimensional IGRT equipment such as surface imaging could help reduce these setup errors (13, 17) .
There are some limitations to our findings. We did not characterize intra-fraction fluctuations and their effect on setup errors, as these were previously shown to have lesser effects on dose distributions than inter-fraction changes (21) . There are a few simplifications in the van Herk formula used to derive suggested PTV margins. While it takes into account random and systematic errors, there are other clinical factors which may also affect treatment reproducibility that are not factored into the calculation. In addition, CBCT imaging has limited resolution in the SI axis due to a 3mm slice thickness. This may result in underestimation of residual error (16, 22) and inaccurate PTV margin recommendations. The inherent properties of CBCT technology also make resulting images more susceptible to breathing artifact during image acquisition. However, CBCT is currently the only threedimensional imaging modality available at our treatment machines. Another limitation is the small sample size of this study. This, combined with the low-BMI range of our patients due to physical restrictions rotating the CBCT imaging panels around the patient (8) , results in limited extrapolation of this 3D data to all post-mastectomy breast cancer patients.
In conclusion, CBCT analysis provided additional information on the effect of threedimensional reproducibility of treatment setup for chest wall targets. In the absence of daily image-guided treatment setup, an anisotropic PTV expansion of 7-9mm can be used. Because the inter-fraction movement is significantly greater than suggested by twodimensional kV x-ray imaging, a PTV margin of 4-8mm must be retained for accurate target localization even following daily kV imaging.
Summary
Daily IGRT data (n=613) were analyzed to quantify setup uncertainty in 21 postmastectomy breast cancer patients treated with inverse-planned IMRT to the chest wall and regional nodes including the internal mammary chain. While 2D kV images indicate that a uniform PTV margin of 7 mm is sufficient, CBCT demonstrated persistent rotations and deformations. Thus, a margin of 4-8 mm must be retained despite daily kV imaging. This is the largest population-based study in post-mastectomy patients. Treatment alignment workflow utilized for 21 post-mastectomy patients treated with IMRT. CBCT was acquired weekly for a subset of 8 patients, for whom OBI panels did not encounter any potential collisions. Percentage of shifts of a certain magnitude and direction in anterior-posterior (AP), left-right (LR), and superior-inferior (SI) axes for 613 treatment fractions from 21 patients. Patient and treatment characteristics for kV analysis (n=21) and for the CBCT subset analysis (n=8) Age Table 2 Mean of absolute shifts, setup errors, and PTV margins calculated from 613 kV image pairs for AP, LR, and SI axes in units of millimeter. These PTV margins apply to patients positioned daily to skin marks alone.
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